Abstract -Nestmate and kin recognition play a major role in maintaining the integrity of social insect colonies. In Apis mellifera it has been suggested that recognition of nestmates is mediated by contact chemoreception. However, there is evidence that volatiles emanating from honeybee workers might transmit recognition cues. These volatiles from the cuticle might also be used as kairomones by females of the European beewolf Philanthus triangulum to identify their prey. Here we analysed which compounds occurs on the cuticle of honeybee workers. Additionally, we used a foraging arena that allows the sequestration of volatiles from undisturbed foraging honeybees with a SPME-fibre, followed by GC-MS analyses. We could detect hydrocarbons with a chain length of up to 29 C and some new compounds in the headspace of foraging honeybees. We also found (Z)-11-eicosen-1-ol on the cuticle and in the headspace of honeybee workers, thus, it might be used as a kairomone by females of the European beewolf.
INTRODUCTION
The cuticle of insects is coated with a mixture of hydrocarbons whose primary role is the prevention of desiccation (Hadley, 1994; Buckner, 1993) . However, cuticular hydrocarbons have also been shown to play an important role as semiochemicals in social insects, particularly for species, nestmate, caste, and kin recognition (Howard and Blomquist, 1982; Howard, 1993; Breed, 1998; Singer, 1998; Vander Meer et al., 1998 ).
Corresponding author: T. Schmitt, thomas.schmitt@biologie.uni-freiburg.de * Manuscript editor: Stan Schneider In honeybees, cuticular hydrocarbons are involved in nestmate recognition Breed, 1995, 1998) and potentially in kin recognition (Breed et al., 1994) . The majority of compounds on the cuticle of honeybees are long-chain alkanes, branched alkanes, alkenes and esters (Blomquist et al., 1980; Francis et al., 1985 Francis et al., , 1989 Carlson, 1988; Ogden et al., 1998) .
Nestmate recognition and colony defence of honeybee hives is mainly executed by guard bees (Butler and Free, 1952) . They patrol the nest entrance, inspect entering bees, and exclude non-nestmates or other intruders probably using chemical cues for recognition (Moore et al., 1987; Beekman et al., 2002) . Guard bees antennate approaching bees for identification. Therefore it has been suggested that the relevant compounds have a relatively low volatility and can only be perceived by contact chemoreception (Free, 1987, see p. 102 ). However, a study by Kalmus and Ribbands (1952) has shown that foraging honeybee workers can distinguish between nestmates and non-nestmates at food sources without contact, suggesting that compounds are involved which has been transmitted through the air. There is even the possibility that volatiles emanating from workers or groups of workers can be used for kin recognition (Getz et al., 1986; Moritz and Southwick, 1987; Breed et al., 1994) .
The colony odour on the cuticles of honeybees is a combination of cuticular hydrocarbons and compounds of the wax combs of the nest (Breed et al., 1988 . The compounds from the comb wax include pheromones produced by other workers as well as floral scents brought to the nest via pollen and nectar. Recognition assays have suggested that constituents with functional groups such as fatty acids, esters, hydroxy alkyl esters, and primary alcohols, as well as nonpolar hydrocarbons such as hexadecane, octadecane and heneicosene, are likely to be the key components for nestmate recognition (Breed, 1998; Fröhlich et al., 2001) . In this study, we identify compounds of low quantity from the cuticle of honeybee workers and, for the first time, we analyse the composition of emanated substances in the headspace of foraging honeybees in the field under undisturbed conditions.
A second aim of this study was to test particularly for the occurrence of (Z)-11-eicosen-1-ol on the cuticle and in the headspace of foraging honeybees. This alcohol is a major component of the honeybee alarm pheromone and has an alerting and attractive effect on nestmates (Free et al., 1982 (Free et al., , 1983 Pickett et al., 1982) . Females of the European beewolf Philanthus triangulum Fabricius (Hymenoptera, Sphecidae) hunt honeybees and provision them as food for their progeny. Beewolf females use (Z)-11-eicosen-1-ol as an essential olfactory cue to identify their prey (Herzner et al., 2005) . This secondary function as a kairomone requires that honeybee workers constantly smell of (Z)-11-eicosen-1-ol during foraging and not only during alarm conditions. Therefore, we focus on the detection of, at least, traces of (Z)-11-eicosen-1-ol on the cuticle and in the headspace of foraging worker honeybees.
MATERIALS AND METHODS

Composition of cuticular hydrocarbons of honeybees
Foraging honeybee workers were collected from various colonies maintained by the apiary of the University of Würzburg. Only foraging workers of Apis mellifera carnica Pollmann exiting the hive were caught and stored at -20
• C. Five bees were individually soaked in 1 mL distilled hexane for 10 min. These extracts were evaporated to a residue of approximately 100 μL. We used 1 μL for GC-MS analyses. These were carried out on a HP GC System 6890 coupled to a MS 800 (quadrupole type) from Fisons Instruments. The GC was equipped with a DB-5 capillary column (0.25 mm ID × 30 m; film thickness 0.25 μm, J & W Scientific, Folsom, Ca, USA). Helium was used as a carrier gas with a constant pressure of 90 mbar. A temperature program from 60
• C to 300
• C with 5
• C/min and finally 10 min at 300
• C was employed. A split/splitless injector was used at 240
• C and in the splitless mode for 60 s. The mass spectra were recorded with an ionisation voltage of 70 eV and a source temperature of 220
• C. The software Xcalibur (ThermoFinnigan, Egelsbach, Germany) for windows was used for data acquisition. Identification of the components was accomplished by comparison with purchased chemicals and the use of a commercial MS database (NIST 4.0).
Volatiles in the headspace of foraging honeybees
Volatile chemicals from the headspace of foraging honeybee workers were collected using solid phase micro extraction (SPME). Because of the relatively nonpolar compounds on the honeybee cuticle we used a poly dimethylsiloxane coated (100 μm) fibre (SUPELCO, Deisenhofen, Germany). Honeybee workers were trained to forage on a sugar solution in an arena made of Plexiglas that consisted of an about 5 cm long tunnel with a sugar solution supply at its end (Fig. 1) . A SPME fibre could be inserted in a boring of the arena in such a way that the honeybees could not touch it but the air surrounding the honeybees could be drawn over the fibre using a vacuum pump. An air flow of 0.4 L per minute was chosen to optimize chromatography. A second identical arena, from which workers were excluded by closing the entrance with a valve served as a control and was run simultaneously to analyse the chemical background of the surrounding air and chemicals that were emitted by the arena. This experiment was conducted four times, for two hours each. The arena was established at a distance of around 20 m from 10-15 beehives. One trial lasted for 120 min and the arena was visited by hundreds of bees during one trial. SPME fibres that were loaded with volatiles from foraging bees and control fibres were immediately analysed. The GC-MS system and temperature program were the same as for the extracts described above.
Pentadecanol, a major component emitted by the Plexiglas arena, was used as standard and the relative amounts of all substances were calculated. There are constituents identified from the headspace of foraging honeybees as from the air of the control arena. Therefore, to distinguish between background chemicals from the surrounding air and those that are emitted by honeybees, we considered all compounds that were less than twice as abundant in the experimental arena than in the control arena to come from the surrounding air. These were not included in the analysis.
RESULTS
Composition of cuticular hydrocarbons of honeybees
Besides the known long-chain saturated and unsaturated aliphatic hydrocarbons and long chain esters (Francis et al., 1985; Salvy et al., 2001 ), we found traces or minor components, mainly with shorter chain lengths (alkanes, alkenes, one terpene and (Z)-11-eicosen-1-ol) that have not yet been reported as components on the cuticle of honeybees (Tab. I). Several compounds could not be identified.
Volatiles in the headspace of foraging honeybees
In the headspace of foraging workers we found the major alkanes present on the cuticle up to a chain length of C29. Also minor alkanes as well as alkenes, and in one trial geraniol and farnesol, occurred in the air surrounding bees. However, the proportions differed considerably from the cuticle extracts. Generally, more volatile compounds are overrepresented in the head space compared to the cuticle. Octadecan and some aldehydes from C9 to C17 which were not found on the cuticle occurred in high proportions in the headspace of the foraging bees. Most interestingly, traces (0-0.1%) of (Z)-11-eicosen-1-ol could be unequivocally identified using the "extract ion" mode with specification of the characteristic masses of (Z)-11-eicosen-1-ol (278 (M + ), 250, 109 and 96) and taking into account its retention time (Tab. I).
DISCUSSION
Different alkanes, methyl-branched alkanes, alkenes and alkadienes with chain lengths ranging from C19 to C35 had already been identified on the cuticle of honeybees (McDaniel et al., 1984; Francis et al., 1985 Francis et al., , 1989 Martin et al., 2001 ). However, we found traces and minor constituents with shorter chain lengths and characterized them as alkanes, alkenes, alcohols and terpenes. We also found some substances on the cuticle that have not been identified yet. As should be expected, the more volatile compounds generally increased in their proportion in the headspace of foraging honeybees compared to the cuticle. Similar results have been shown studying the emission of volatiles of honey bee queens . Surprisingly however, also long chain alkanes and alkenes up to C29 emanate from the cuticle of honeybee workers in detectable amounts although they have been assumed to be nearly nonvolatile. Arnold et al. (1996 Arnold et al. ( , 2000 have shown that 14 long-chain hydrocarbons from C23 to C33 might function as cues for kin recognition in honeybees. Hexadecane, octadecane, Z-9-heneicosene and Z-9-tricosene have already been tested for recognition activity in honeybees and yielded positive results (Breed, 1998; Breed and Stiller, 1992; . Since these components could be detected in the headspace of honeybees, it is possible that they are able to recognize nestmates without direct contact. The principal constituents of hydrocarbons with functional groups in the headspace of honeybee workers are aldehydes from chain length C9 to C17. The source of these aldehydes might be either the cuticular hydrocarbons of the bees or the comb wax (Blum et al., 1988) . However, the large amounts of these aldehydes that we found in the air surrounding honeybee workers suggest that they do not originate from the traces of these aldehydes on the cuticle. A third possible source might be the degradation of alkenes and alkadienes caused by oxygen, heat and sunlight, a process that has been extensively studied with regard to rancidity of food oils (Frankel, 1998) . The oxidation of unsaturated hydrocarbons is also known from the cuticle of other Hymenoptera. In these cases the released volatiles are saturated and unsaturated aldehydes Swedenborg and Jones, 1992) .
Other hydrocarbon components such as geraniol and farnesol that were found in only one trial of headspace analyses, are constituents of the Nasonov gland (Free, 1987) . Their occurrence in the headspace of foraging bees is possibly the result of the exposure of the Nasonov gland during foraging on the sugar solution (Fernandez and Farina, 2001) .
We identified (Z)-11-eicosen-1-ol as a new component on the cuticle of almost all foraging honeybees and as traces in the surrounding air. It is known as a major component of the honeybee alarm pheromone and it has been shown to have an alerting and attractive effect on nestmates (Free et al., 1982 (Free et al., , 1983 Pickett et al., 1982) . The occurrence of these compounds in the air surrounding foraging honeybees shows that also pheromone components might be transmitted as volatiles from the body of the bees in very low concentrations and outside the context of the known use, e.g. as alarm pheromone. It is not yet known why (Z)-11-eicosen-1-ol is present on the honeybees' cuticles. Possibly, this compound also occurs in the honeybees' Dufour's gland which seems to be slightly leaking (A. Hefetz, unpubl. data.) . Alternatively it might be a residue from the last exposure to (Z)-11-eicosen-1-ol or the use of the compound. We do not know yet whether the (Z)-11-eicosen-1-ol on the honeybees' cuticles has also a meaning for honeybees themselves in non alarm situations. Possibly it provides a cue to discriminate between conspecifics and other species. Since (Z)-11-eicosen-1-ol is otherwise rare in nature it would represent a reliable cue for the identification of honeybees by a specialized predator or parasite. In fact, it has been shown that beewolf females use (Z)-11-eicosen-1-ol as an essential kairomone for the identification of honeybees (Herzner et al., 2005) . That this substance serves as a kairomone for beewolf females despite its very small amounts on the honeybee and its low volatility underlines the extraordinary sensitivity of insect olfaction and the potential meaning of trace components for insect communication purposes.
